Introduction
Autographa californica nuclear polyhedrosis virus (AcNPV), a member of the Baculoviridae family, possesses a double-stranded circular DNA genome of approximately 128 kb. Viral replication occurs in the nuclei of a variety of lepidopteran insect cells. Expression of the viral genes is temporally regulated, and transcripts have been categorized as immediate early, delayed early, late and very late (Friesen & Miller, 1986) . Transcriptional mapping of the viral genome has revealed both unidirectional (Friesen & Miller, 1985; Rankin et al., 1986; Oellig et al., 1987) and bidirectional Hardin & Weaver, 1990) overlapping transcription in several segments of the genome. We previously demonstrated a pair of oppositely oriented transcripts within the HindlII F region of the AcNPV genome (Hardin & Weaver, 1990 ). These transcripts cross the unique XhoI restriction site located in this region and overlap in a region of about 550 nucleotides (nt) at their 5' ends. Here, we report the DNA sequence of the 2.95 kb EcoRI-SalI fragment (0.7 to 3.0 map units of the AcNPV genome) to which the above transcripts were mapped. We also report a third transcript mapped to the same region, which is expressed late in infection. The sequence reveals the presence of two open reading frames (ORFs) of significant length on one of the strands. One of these encodes a polypeptide of 151 and the other one of 329 amino acids. These ORFs are contained within the leftward transcript mapped by Hardin & Weaver (1990) , and the larger ORF lies within the new leftward transcript mapped here. A third ORF mapping to the opposite strand encodes a potential polypeptide of 167 amino acids.
Methods

Cells and virus infection. Spodoptera frugiperda (IPLB-SF21) cells
were either mock-infected or inoculated with extracellular AcNPV (L1 strain) at a multiplicity of 20 p.f.u, per cell as described previously (Friesen & Miller, 1985) . Infected cells (5 x 107 cells per time point) were harvested at 4, 8, 12, 18 and 24 h post-infection (p.i.) and mockinfected cells were harvested at 24 h p.i.
Northern blot analysis. Total RNA isolated from the mock-infected or infected cells was subjected to Northern blot hybridization according to the method of Davis et al. (1986) .
DNA cloning and sequencing. The EcoRI-Sall restriction fragment was cloned into the pUCI2 plasmid vector using standard procedures (Maniatis et aL, 1982) . The resulting clone p 12-ES was used to generate a set of nested deletions using exonuclease Itl and S1 nuclease by the method of Henikoff (1987) . The plasmid p12 ES and the deletion clones were sequenced by the dideoxynucfeotide chain termination method of Sanger et al. (1977) 
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Ace TTC AAC CTG CGG TAC GTG CTA GAG CGC GAC CAA CAG GTC CGG TTC GTG GCC AAG GAC GTC GCT AAC AGT TTA AAA TAT ACA GTT 1480 GAT TAT TGC TCC AAT ACT AGG GTT TTG TTT TAC TAT CTG TTC TGC Fig. 1 . Nucleotide sequence of the leftward transcribed strand of the EcoRI-SalI fragment contained with the HindlII F region of the AcNPV genome. The EcoRI-SalI fragment was cloned into pUC12 and a set of nested deletions made by the procedure of Henikoff (1987) . The parent plasmid and the deletion products were sequenced by the chain termination method. The deduced amino acid sequences of the three open reading frames, ORF-I, ORF-2 and ORF-3 are indicated. The 5' ends of the ES3 transcript described in this report and those of ES1 and ES2 reported earlier (Hardin & Weaver, 1990) are indicated by arrows. Potential polyadenylation signals are overlined. The ATAAG motifs are underlined.
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Results
DNA sequence of the EcoRI-Sall fragment
The nucleotide sequence of the EcoRI-SalI fragment contained within the HindlII F region of the NPV genome was determined by the chain termination method and is presented in 
Northern blot analysis
Hybridization of total R N A from infected cells to a strand-specific oligonucleotide probe (a 16-mer designed to hybridize to leftward transcripts crossing the region approximately 200 bp to the left of the XhoI site) revealed three transcripts, about 1.6, 1.75 and 2.1 kb in size (Fig.  2) . These transcripts were first seen at 12 h p.i. and were still present at 24 h p.i. They were all most abundant at 18 h p.i. The 2-1 kb transcript matches the size of the pair of leftward transcripts mapped by Hardin & Weaver (1990) . The other two were not previously observed, presumably because the probe used by Hardin & Weaver did not extend to the left of the XhoI site.
Location of the 5" end of the 1.6 to 1.75 kb transcript S1 analysis was performed using a 1100 bp fragment labelled exclusively on one strand at the PvulI end ( 3a). Two S 1-resistant fragments of approximately 540 and 900 nt were observed (Fig. 3 b) . These corresponded to two transcripts, one originating about 70 nt left of the XhoI site and the other about 400 nt right of the XhoI site. N. Tilakaratne, S. E. Hardin and R. F. Weaver constructed by deleting 500 bp from the SalI end of the EcoRI-Sall fragment according to Henikoff (1987) Fig. 2 .) The results are shown in Fig. 4 . Two major extended products, one about 135 nt and the other much larger in size, were detected. When matched against a sequence ladder produced with the same primer, the 135 nt product extended to the first T of the sequence ATTTA, just downstream from the canonical ATAAG (Fig. 1) . Fig. 5 indicates the relative locations of the three transcripts mapped to the EcoRI-SalI fragment, and also locates the three ORFs in this region.
Discussion
A pair of oppositely oriented overlapping transcripts (referred to as ES1 and ES2 in this discussion) have been previously mapped to the EcoRI-SalI (ES) fragment contained within the HindIII F region of the AcNPV genome (Hardin & Weaver, 1990) . Here, we present the complete DNA sequence of this fragment together with evidence for a third transcript (ES3) which maps to this region. Hardin & Weaver showed that ESI is 2.1 kb long, appears early and is still present late in infection and is transcribed leftward, whereas ES2 is a late transcript, 1.2 kb long that runs rightward. The two transcripts were also shown to overlap by about 550 nt at their 5' ends. ES3, the transcript characterized in this report, is a late transcript that is 1.6 to 1:75 kb long and runs leftward, in the same direction as ES1. Thus, ES1 and ES3 form a pair of unidirectional transcripts that overlap by 1.6 kb at their 3" ends. This is another pair in a large group of such overlapping transcripts that are known to be present throughout the AcNPV genome. SI nuclease protection analysis revealed that ES3 starts about 70 nt downstream from the XhoI restriction site. This was confirmed by primer extension analysis which mapped the start site to a position within the TTT cluster of the sequence AATAAGATAATTTA. The pentamer ATAAG is recognized as the consensus sequence associated with the 5' ends of a number of late genes of AcNPV (Rohrmann, 1986) , and TAAG is present near the cap site of every late and very late AcNPV gene investigated to date. A polyadenylation signal mapping to a position 1467 nt downstream from the start site (between nucleotides 2579 and 2584 in Fig.  1) indicates that ES3 could be the 1.6 kb transcript detected by Northern blot analysis. The 1.75 kb transcript could in principle arise by polyadenylation of the same transcript at a more 3' site. However, there is no canonical AATAAA sequence within 400 bp downstream of the one beginning at position 2579. An alternative explanation is that the 1.6 kb transcript represents polyadenylation at the variant sequence ATTAAA beginning at position 2475, and the 1.75 kb transcript represents polyadenylation of the AATAAA beginning at position 2579. This would be consistent with poly(A) regions 200 to 250 nt long. Both S1 nuclease and primer extension assays indicated the presence of an additional major product, whose 5' end corresponds to that of one of the transcripts reported by Hardin & Weaver (1990) . The latter is present both early and late in infection, but its start site was mapped to two different positions at the two different time points. There is a TATTTAA sequence 29 nt upstream from the early initiation site which may be involved in regulating the synthesis of the early transcript, but surprisingly there is no TAAG close to the late initiation site. Nor is there a TAAG sequence near the presumptive cap site of the oppositely oriented ES2 transcript. In the latter case, it is conceivable that the true cap site for the ES2 transcript lies upstream, and hybridization between the ES1 and ES2 transcripts interferes with S1 and primer extension assays, making it appear that the 5' ends of these two transcripts abut one another. However, the 5'-end mapping of the ES3 transcript still seems likely to be correct since it corresponds to an ATAAG sequence and the size of the transcript(s) is consistent with Northern blot data (Fig.  2) and polyadenylation signals revealed by sequencing data (Fig. 1) . It is possible, however, that hybridization between ES3 and a hypothetical ES2 transcript that initiates further upstream distorts the primer extension assay enough to make the cap site appear to be 5 bp downstream from the TAAG sequence, where it presumably should map. The apparent late ESI start site cannot be explained by interference from an opposing transcript, since no late rightward transcript appears to originate in this local region, and there is no opposing N. Tilakaratne, S. E. Hardin and R. F. Weaver ATAAG or TAAG. The absence of a TAAG at the putative late ES1 cap site remains anomalous.
The DNA sequence revealed two non-overlapping ORFs contained within the leftward transcripts. One of these, potentially coding for an 151 amino acid polypeptide is confined to the 5' end of ES1. The second, ORF-2, coding for a potential polypeptide of 329 amino acids, spans a region common to both transcripts ES1 and ES3. The initiation codon of ORF-2 is located 246 nt downstream from the cap site of ES3. This suggests an unusually long leader containing three other ATG codons preceding the putative start codon; one of these upstream ATG codons is in the same reading frame as that of ORF-2, but is followed five codons later by a stop codon. The ATG sequence chosen as the probable start codon is flanked by an A at position -3 and a G at position + 4 relative to the A of the ATG. It is, therefore, placed in the most favourable context for translation initiation based on the criteria described by Kozak (1984) . The putative translation start codon of ORF-1 was also chosen on the same basis, ruling out another inframe ATG codon found six codons upstream. The possibility of splicing to help explain the presence of two discrete ORFs on the same transcript was examined by a computer search of the sequence for consensus splice donor and acceptor sites, but none were found. However, this does not completely eliminate this hypothesis.
Another possibility is that ES1 is a polycistronic transcript. Although this is a rare feature in eukaryotes, a number of examples, the majority of them viral, have been reported (reviewed by Kozak, 1986) . In almost all reported cases, there is a shorter ORF (coding for a < 20K protein) at the 5' end followed by a longer ORF. In fact, the shorter ORF is often described as a 'minicistron' located within the leader sequence of the mRNA coding for a major polypeptide. Another feature of these bicistronic transcripts reviewed by Kozak, and one which is relevant to the present context, is the fact that the first methionine codon of the longer polypeptide is preceded by two or more non-functional ATG codons. Based on these features and a comparison of the codon preference with that of other well characterized translation products of AcNPV genes, it is very likely that ORF-2 does represent a real viral protein. The third ORF (ORF-3) mapped to this region of the genome would potentially code for a polypeptide of 167 amino acids. It terminates close to the termination site of ORF-2 on the opposite strand. Determining whether the ORF-3 represents a potentially translatable sequence will have to await the mapping of transcripts arising from this region. However, the DNA sequence immediately preceding the ORF-3 does present two interesting features which merit discussion. A late promoter consensus sequence (ATAAG) is located 23 nt upstream from the ATG codon. (This reads CTTAT on the anticoding strand presented in Fig. 1.) Examination of the sequence further upstream which includes one (hrl) of the EeoRI repeat regions (Guarino et al., 1986) reveals that the ATG of ORF-3 is 69 nt downstream from the last EcoRI site of the hrl region. Furthermore, the ATAAG consensus pentamer spans the positions 53 to 57 nt downstream from the last EcoRI site. This positioning is very similar to that of hr5 in relation to the p26 gene reported by Liu et al. (1986) where the p26 transcript originates 56 nt downstream and the coding sequence of p26 begins 69 nt downstream from the last EcoRI site of the hrs region. A significant difference, however, is that the p26 transcript does not initiate at an ATAAG sequence.
The predicted amino acid sequences of the potential products of the three ORFs reveal that both the ORF-1 and ORF-2 products would be basic. A computerassisted search of the protein database showed no significant matches of the deduced amino acid sequences of the three ORFs with other published sequences. One significant feature of ORF-1, however, is that it is rich (15 ~ of the total) in arginine codons. Another argininerich and basic protein has been shown to be associated with the DNA in the core of Trichoplusia ni viral particles (Tweeten et al., 1980) , and Wilson et al. (1987) mapped a transcript in the HindlII H region of AcNPV that encodes a 6.9K polypeptide that was arginine-rich, basic and was similar in amino acid composition to the protein of the T. ni virus referred to above.
From the features of the three transcripts mapped to this segment, a possible mechanism for the regulation of gene expression in this virus could be suggested. The time course of the appearance of ES1 and ES3 suggests that the virus may be using a promoter switching mechanism to guarantee the expression of a gene throughout the infection cycle. This is probably necessitated by the fact that two different RNA polymerases are active early and late in infection; the host RNA polymerase II transcribes the early genes, whereas a virus-induced RNA polymerase transcribes the late genes (Fuchs et al., 1983; Huh & Weaver, 1990) . The latter polymerase recognizes its own class of promoters (Possee & Howard, 1987; Matsuura et al., 1987; Weyer & Possee, 1988; Qin et al., 1989) . Therefore, the presence of both types of promoters in certain genes ensures their expression both early and late. Here, the synthesis of ES 1 from an early promoter would guarantee early expression of ORF-2, and the synthesis of ES3 from a late promoter would allow late expression of the same ORF. At the translation level, it is conceivable that early in infection both ORF-1 and ORF-2 are translated. Later however, although the synthesis the ES1 transcript continues, its translation may be inhibited by the late transcript ES2 acting as an antisense RNA (see also Pestka et al., 1984;  HindlII F region of AcNPV 291 . Since ES2 seems to have no ORF of significant length, it is possible that its role is purely regulatory. The appearance of a second leftward transcript (ES3) late in infection would therefore ensure the availability of a template for the continued synthesis of the ORF-2 product, since this transcript dos not seem to overlap ES2.
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